Abstract. Circular RNAs (circRNAs) are a novel type of endogenous non-coding RNA that have gained attention from researchers for their involvement in multiple biological processes. circRNAs are ubiquitously expressed in eukaryotic cells and regulate gene expression at the transcriptional or post-transcriptional level by interacting with microRNAs (miRNAs) or other molecules. The present review provides an overview of circRNAs, as well as insights into their roles in the development and progression of gastrointestinal cancer. Furthermore, combined with reported data, the present review investigates the potential of circRNAs to become diagnostic or predictive biomarkers of gastrointestinal cancer and may provide novel insights into the treatment of associated cancer types.
Introduction
Circular RNAs (circRNAs) are a type of endogenous non-coding RNA that have been a research hotspot in the field of RNA. To date, thousands of endogenous circRNAs have been identified and characterized. circRNAs exist ubiquitously in eukaryotes, predominantly in the cytoplasm, exhibiting a tissue-and developmental stage-specific pattern, serving as gene regulators in mammals (1) (2) (3) . Furthermore, circRNAs may serve roles in neurological disorders, atherosclerotic vascular disease risk and diverse cancer types (4) (5) (6) .
Gastrointestinal cancer is a class of cancer affecting the organs of the digestive system. The most frequently occurring types of gastrointestinal cancer are colorectal cancer (CRC), gastric cancer (GC), pancreatic cancer, hepatocellular carcinoma (HCC) and esophageal carcinoma. Although there are several options with regards to diagnostic and therapeutic methods, the 5-year survival rate of patients with gastrointestinal cancer remains poor due to a lack of effective tools for early diagnosis and therapy (7) . Recently, mounting evidence has demonstrated that a number of circRNAs exhibit potential biological functions in gastrointestinal cancer, and consequently, may be prognostically and diagnostically relevant biomarkers (8) (9) (10) .
The present review first briefly describes the features, biogenesis and biological functions of circRNAs across eukaryotes. Secondly, potential functions and implications of circRNA in gastrointestinal cancer are discussed, and their roles in gastrointestinal tumor occurrence and development are explored. Finally, the future of research progress and direction, in respect to circRNA in gastrointestinal cancer diagnosis and targeted therapy, are discussed.
Features of circRNA
Structure. circRNAs are characterized by covalently closed continuous loop structures with neither 5' to 3' polarity nor a polyadenylated tail, as well as the resistance to exonucleolytic degradation (2, 3) . As a result, circRNAs are highly stable in vivo compared with their linear counterparts.
Biogenesis. Studies have revealed that circRNAs may be generated from exons or introns (11) (12) (13) (14) (15) . Two models of circRNA biogenesis have been proposed, namely lariat splicing and direct back-splicing (11, 12) . In lariat splicing, a looped intermediate containing exons is formed and the introns in the lariat are removed, generating exonic circRNA. In direct back-splicing, exons are spliced in non-canonical order, whereby the down-stream 5' splice site is spliced to an upstream 3' splice site, generating a circular transcript. The principle distinction between the two models is in the first step of circRNA generation. In the two models, the canonical spliceosome has been implicated in the generation of circRNA (13, 14) . Additionally, Zhang et al (15) proposed a model of alternative circularization; the study demonstrated that the alternative formation of inverted repeated Alu pairs and the competition between them led to alternative circularization, resulting in multiple circRNA transcripts produced from a single gene.
Notably, RNA-binding proteins (RBPs) may also regulate the biogenesis of circRNAs in certain conditions. Previously, studies have revealed that the RBPs, quaking and muscleblind (MBL), may serve as factors involved in circRNA biogenesis (13, 16) . The RNA-editing enzyme adenosine deaminase, RNA-specific is able to bind to double-stranded RNA to antagonize circRNA biogenesis (17) .
Conservation
. circRNA expression appears to be conserved across eukaryotic species. Thus far, circRNAs have been detected in yeasts, protists, plants and numerous animals, ranging from fly to human, which suggests that circRNAs are an ancient feature of gene expression that have been conserved over the course of eukaryotic evolution (2, 3, 18) . To further support this view, circRNAs exhibit sequence conservation. A previous study revealed that 457 out of the 2,121 circRNAs in humans were identified in mice as circular orthologues (2) . Another study demonstrated that between 15 and 20% of the circRNAs produced in a mouse brain utilize splice sites that are orthologous to those used in a pig brain (19) . In addition, it has also been estimated that 23.6% of the circRNAs identified in murine neutrophils are also expressed in rat neutrophils (20) .
Biological functions across eukaryotes
To date, numerous studies have identified the potential developmental functions of circRNAs in multiple biological processes, including microRNA (miRNA) sponges, alternative splicing, and transcriptional or post-transcriptional gene regulation. The dysregulation of circRNAs leads to abnormal cellular function and growth defects, and is involved in human development and disease. miRNA sponges. Sponge RNAs contain complementary binding sites to miRNA, thereby serving as competitive inhibitors that suppress the ability of miRNA to bind to its mRNA targets. Numerous studies have provided evidence indicating that circRNAs are able to function as miRNA sponges (Fig. 1A) ; for example, cerebellar degeneration-related protein 1 (CDR1)-as, which is derived from the Cdr1 antisense locus, targets miR-7 as an miRNA sponge (1,2). The expression of CDR1-as, which contains >70 miR-7 binding sites, results in increased levels of miR-7 targets. Additionally, murine sex-determining region Y circRNA, a highly expressed circRNA in the testes, possesses 16 binding sites for miR-138, thereby acting as a miR-138 sponge (1, 21) . Similarly, circ-itchy E3 ubiquitin protein ligase (cir-ITCH) harbors numerous miRNA binding sites that are able to bind to the 3'-untranslated region of ITCH, and may act as a sponge of miR-7, miR-17 and miR-214 to increase the level of ITCH (6).
Alternative splicing. Previous studies (13, 22, 23) suggested that circRNAs contribute to alternative splicing (Fig. 1B) ; general splicing factor MBL may exhibit effects on alternative splicing that modulate the balance between circRNA biogenesis and canonical splicing (13) . circMBL and its flanking introns contain conserved MBL binding sites, and are strongly and specifically bound by MBL. This suggests that circRNAs are able to function in gene regulation by competing with canonical pre-mRNA splicing. Conversely, alternative splicing may also increase circRNA diversity. Zhang et al (24) systematically annotated different types and landscapes of alternative back-splicing and alternative splicing events in circRNAs from various cell lines and provided a valuable resource for studying the potential functions of circRNAs. Collectively, the annotation of alternative splicing and circRNA provides a means to investigate the molecular mechanism of circRNA biogenesis and potential function in the future.
Transcriptional or post-transcriptional gene regulation.
Current evidence suggests that circRNAs may also serve a role in transcriptional or post-transcriptional gene regulation. For example, expression of the CDR1-as circRNA has been revealed to promote the expression of CDR1-sense mRNA (25) . Exon-intron circRNAs were recently demonstrated to enhance the expression of their parental genes in cis through interaction with U1 small nuclear ribonucleoprotein and RNA polymerase II, which are components of splicing and transcriptional machinery, respectively (Fig. 1C) (26) . The interplay between circRNAs and the transcriptional machinery assists with the characterization of gene expression, although the precise molecular mechanism by which this is achieved is unknown and requires further investigation.
Techniques for investigating circRNA
Since the initial discovery of circRNAs, various biochemical, molecular biology, high-throughput sequencing and bioinformatic technologies have been developed to investigate the properties, biogenesis and functions of circRNA. Among the various tools to validate circRNAs, ribonuclease R, an exoribonuclease that progressively degrades RNA from its 3' to 5' end, does not degrade circRNAs, and as such, is often used to assess abundance of, as well as enrich, circRNAs in combination with reverse transcription-quantitative polymerase chain reaction, in sequencing libraries (27) . In addition to exoribonuclease treatment, ribosomal RNA-and polyadenylation-depletion are also used to enrich and quantify circRNA expression via modified RNA sequencing approaches. For in silico analyses, the online databases Circ2Traits (28), CircBase (29), CircNet (30), deepBase v2.0 (31) and CircInteractome (32) allow researchers to study circRNA expression profiles and circRNA-associated molecular interactions that associate with diseases. Furthermore, several circRNA-specific prediction or detection tools, including UROBORUS (33), find_circ (2) and DCC-CircTest (34), have also been developed.
circRNA in gastrointestinal cancer
CRC. CRC was the third most commonly diagnosed cancer worldwide in 2014 (35) . A study by Bachmayr-Heyda et al (36) revealed that the ratio of circular to linear RNA isoforms was consistently decreased in tumors compared with normal colon samples, and demonstrated that this ratio correlated negatively with the proliferation index; to the best of our knowledge, this was the first negative correlation between global circRNA abundance and proliferation in CRC to be identified. Specifically, the study also demonstrated that the expression of Homo sapiens (hsa)_circ_0006229 and hsa_circ_0007374 was dysregulated in CRC compared with normal colon mucosa tissues. In addition, Huang et al (9) identified that cir-ITCH was significantly downregulated in CRC tissues, and demonstrated that cir-ITCH functions as an miRNA sponge serving an inhibitory role in CRC by regulating the Wnt/β-Catenin pathway. Wang et al (37) reported that the expression of hsa_circ_001988 was also decreased in tumor tissues compared with normal mucosa, and that it was significantly associated with perineural invasion and differentiation.
The aforementioned results suggest that specific circRNAs may be potential novel biomarkers and targets for the treatment of patients with CRC. Additionally, another previous study demonstrated that certain circRNAs are enriched in exosomes and that by assessing levels of exosomal circRNAs, patients with CRC were able to be distinguished from healthy controls (38) . Therefore, exosome-based circRNAs may also be potential cancer biomarkers.
GC. GC was the second most common cause of cancer-associated mortality worldwide in 2012 (39) . According to bioinformatic analysis using two circRNA databases (CircBase and circ2Traits), a series of circRNAs may be associated with GC (28) . In particular, hsa_circ_002059, a commonly detected circRNA, was identified to be significantly downregulated in GC tissues compared with paired adjacent non-tumor tissues (10) . This suggests that certain circRNAs, including hsa_circ_002059, may be potential novel and stable biomarkers for the diagnosis of gastric carcinoma.
Pancreatic cancer. Pancreatic ductal adenocarcinoma (PDAC) was the fourth-leading cause of cancer-associated mortality worldwide in 2014, despite accounting for only 2.2% of all types of cancer (40) . Qu et al (41) used Arraystar Human Circular RNA Microarray, which is able to test for circRNA gene expression, to explore the expression profile of circRNAs in 4 PDAC samples alongside paired adjacent normal tissues. The study revealed that the circRNA expression signatures of PDAC were dysregulated; these results indicate that circRNAs may be involved in the initiation and progression of PDAC, and may serve a role as novel diagnostic and treatment strategies for the disease. However, thus far, specific circRNAs with the potential to serve as biomarkers have not been identified in pancreatic cancer. Therefore, the identification of novel differentially expressed circRNAs may be a crucial step towards an improved understanding of PDAC in future research and clinical application.
HCC. HCC ranked as the fifth most-common tumor, and the third-leading cause for cancer-associated mortality, worldwide in 2010 (42) . As in other gastrointestinal cancers, there was a significant difference in the global circRNA expression profile between HCC and adjacent normal liver tissue; particularly, Yu et al (43) demonstrated that CDR1-as expression was upregulated in HCC tissues compared with adjacent non-tumor tissues. Furthermore, knockdown of CDR1-as suppressed HCC cell proliferation and invasion, and suppressed the expression of miR-7, which suggests that CDR1-as may act as an oncogene partly through targeting miR-7. In addition, the aforementioned studies revealed that hsa_circ_0005075 (8) and hsa_circ_0001649 (44) exhibit a significant difference in expression between HCC and normal tissues, and identified them as potential HCC biomarkers.
Esophageal cancer. Esophageal cancer is the eighth most common type of cancer and the sixth most common cause of cancer-associated mortality worldwide in 2013 (45) . The expression of circRNAs is altered during the development of esophageal squamous cell carcinoma (ESCC). One study revealed that cir-ITCH expression was usually decreased in ESCC compared with that in the peritumoral tissue (46). Li et al (6) suggested that cir-ITCH may exhibit an inhibitory effect on ESCC by regulating the Wnt pathway. Studies such as these further support the role of cir-ITCH as a candidate for novel strategies for RNA-based esophageal cancer diagnosis and therapy. Notably, a unique set of circRNAs and their expression profiles were observed in radioresistant esophageal cancer cells (47) . The aberrant expression of circRNAs may serve a role in the generation of radiation-resistant esophageal cancer cells.
Conclusions and outlook
The studies explored in the present review demonstrate that circRNAs are able to regulate various biological processes.
In particular, circRNAs may serve roles in gastrointestinal tumor occurrence and development (Table I) . These findings support the hypothesis that circRNAs may be potential novel biomarkers for the diagnosis of gastrointestinal cancer, and may be a tractable target in the treatment of such cancer types.
Although the number of circRNAs with known functions is expanding, the functions of thousands of circRNAs remain unknown. Further studies are required to screen novel differentially expressed circRNAs and confirm their roles in the development of gastrointestinal cancer. More importantly, studying the specific molecular mechanisms of the regulation of gastrointestinal cancer occurrence and development by circRNA may be a promising research field. If the regulation, mechanism and function of circRNA are conserved across diseases, results may be positively validated in, and applied to, other types of cancer and diseases.
